Background
Introduction
Approximately 2 billion people in the world are already obese or overweight. [1] In the UK there has been a continuous increase in the proportion of the population with a body mass index (BMI) in the overweight (BMI 25-29.9 kg/m 2 ) and obesity (BMI > 30 kg/m 2 ) ranges since the 1980s. Based on these past trends, future forecasts predict a continued rise in adult obesity prevalence, from 26% to 48% in men and from 26% to 43% in women, by 2030. However, some recent evidence has shown a possible plateauing in these trends. [2] Obesity levels in the UK thus resemble those in the USA 15 years earlier. [3] A global review suggested that recent spend on obesity related diseases represented 0.7%-2.8% of a country's healthcare costs. Furthermore, healthcare costs in obese people were typically 30% higher than those with healthy weight. [4] In the UK in 2006/07, obesity and overweight were estimated to cost the NHS £5.1billion, representing around 5% of total NHS spending. The estimated total NHS cost of obesity and overweight for England in 2015 will be approximately is £15.4 billion, representing around 15% of the NHS budget. [5] In England, 'Healthy Lives, Healthy People: a call to action on obesity in England (2011) [6] proposed a target of achieving a clear reduction in obesity prevalence in both children and adults by 2020. It also called for closer working with the food and drink industry ('the Responsibility Deal') to negotiate voluntary agreements aimed to reduce the nation's calorie uptake by 5 billion kcalories per day. [6] That alone may not be sufficient.
One policy intervention with a potentially high impact [7] is a duty on sugar sweetened beverages (SSBs). SSBs include sodas, fruit drinks, sport and energy drinks, sweetened ice teas and other beverages that contain added caloric sweeteners. Survey data show that consumption of these drinks has progressively increased since 1988 in the UK [8] and in the USA [9] , and that SSBs are consumed by teenagers in particular. SSBs are a potentially important source of "empty calories" with minimal nutritional value. Individuals with the highest consumption of SSBs may have a 26% greater risk of developing type 2 diabetes than those with the lowest SSB consumption. [10] People do not feel satiated (full) after consuming liquid calories as they do from solid food calories; the human body has evolved to assume that any liquid we consume is most likely to be water. [11] Furthermore, when people reduce their SSB intake, they do not compensate by getting more calories from food. [12] In fact SSB consumption has been associated with greater consumption of salty foods. [13] Therefore reducing SSB intake should reduce the total calories consumed across the population and thus reduce obesity rates over time. [14] In 2013, the UK Faculty of Public Health (UKFPH) and UK Health Forum therefore called for a duty on sugar sweetened beverages [15] based on evidence from Briggs and others. [16] In 2013 Sustain, the alliance for better food and farming, called for a 20p per litre duty on sugary drinks, raising an estimated £1billion per year which could then be used to subsidise children's healthy food and drink schemes. [17] Hypothecated (ring-fenced) duties like this are uncommon in the UK; examples include the TV license, congestion charges and motorway charges.
SSB duties have now been implemented in 33 US states (on average at a rate of 5%), as well as a 5% tax in France while Hungary, Norway, Denmark, Samoa and Mexico have also successfully established SSB duties. In May 2014 the British overseas territory of St Helena, which has a population of around 4,000, introduced a 75p per litre excise duty on high sugar carbonated drinks. The island is remote and largely dependent on supplies from one ship. It may thus be possible to crudely evaluate any future health benefits from the excise duty.
The present study followed an evidence review and qualitative studies conducted as part of a wider programme of work commissioned by directors of public health (DsPH) across the North West of England [18] which was used as evidence for the North West Directors of Public Health to call for an SSB duty in their Public Health Manifesto. [19] It can also be used as evidence when thinking about local interventions to reduce SSB consumption, such as not allowing SSBs in schools, or not selling SSBs in council leisure centres.
In this current study, we aimed to build on previous modelling work and produce a policy model to enable individual local authorities in England to estimate the local impact of a SSB duty as well as facilitate the possible discussion around sugary drinks.
Methods
The Policy Model   Fig 1 shows a schematic of the model. England and local authorities were used as these were populations for which obesity and disease projections were available. The outcomes were modelled for 41 million adults in England. The model involves applying a linear function to the estimated change in obesity-related diseases, based on the age-specific consumption data applied to the number of calories derived from SSBs, for each local authority. As a duty makes SSBs more expensive, so consumption reduces (elasticity). We assumed that elasticity was the same for all age and gender groups as we found no evidence for elasticity in particular demographic groups; there was evidence for differences in elasticity by income but the consumption data was not available by income groups. As the number of daily calories consumed reduces, so obesity rates fall. This then eventually leads to a decrease in obesity-related disease incidence and the QALY (quality adjusted life year) loss associated with these diseases.
SSB Consumption
Our main source for individual-level daily calorie intake data was the National Diet and Nutrition Survey (NDNS) [20] which has been carried out in England each year from April 2008. This also has data on the proportion of the population who consume sugary soft drinks, including the average number of grams per day consumed. We used the data for years 1-2 of the survey, from 2008-2010. Fig 2 shows the percentage of the population who are SSB consumers (in the NDNS it refers to 'soft drinks, not low calorie' which we have taken to be equivalent to our definition of SSBs-fruit juice is considered separately). The estimated average proportion of calories per day that came from SSBs varied between 0.8% in men aged 65+ to 4.9% in men aged 11-18. The biggest consumers are 11-18-year olds with around 80% being consumers. Men and women have a similar probability of being SSB consumers at ages 4-18. At 19-64 men are more likely to be consumers, whereas at 65 and over, women are more likely to be consumers. Fig 3 shows the average grams per day of soft drinks consumed, by age and gender. This includes people who do not consume any soft drinks at all, so their grams per day would be zero.
People in Britain consume an average of 145 ml each day of sugar sweetened drinks, based on the NDNS survey estimates [20] and 480 ml each day, based on manufacturer data (around 3-4 times as much). [21] This equates to between 50 and 170 kcal per day respectively. This difference could partly reflect wastage, and partly under-reporting in surveys. We therefore modelled a range of values based on these estimates. Table 1 shows the average consumption of SSBs and calories from SSBs from the NDNS and drinks manufacturer data, and the potential reduction in calories consumed as a result of a 20% duty.
Price Elasticity of Demand
For price elasticity, we used data from Ng et al. [8] which estimated the resultant reduction in number of millilitres of SSBs consumption for a 10% or 20% price increase. We then converted this to kcalories using the average number of kcalories per ml of SSB from the NDNS.
Ng et al. estimated that a 10% price increase would reduce SSB consumption by 4.6% and a 20% price increase would reduce consumption by 9.1% (a price elasticity of approximately -0.46). The cross price elasticity of low calorie soft drinks was very small, at -0.026 which indicates there is little substitution of high calorie drinks with low calorie drinks when prices increase so we have not factored this into the model (most low calorie drinks contain almost no calories anyway). We assumed that the same price elasticity applied across all age and gender groups. For England, we found that, averaged out across population groups, a 20% duty might produce a total reduction of 1.1 kcalories per day (low estimate) or 13.1 kcalories per day (high estimate) across the population.
Impact of SSB Duty on Calorie Consumption and Health Outcomes
Wang et al. [3] presented a model of change in obesity-related outcomes over 20 years, and had a time series approach which took into account population change ( Table 2 ). The number of older people is increasing, and older people are more likely to be obese, so this population change is a driver of obesity independent of other risk factors like SSB consumption. Wang et al [3] modelled the impact on diabetes, CHD & stroke, cancer, and change in QALYs resulting from a 20 kcalorie a day reduction in consumption, maintained over 3 years. We therefore have scaled this pro rata against the 1.1 kcalories per day (low estimate) or 13.1 kcalories per day (high estimate) reduction from a 20% SSB duty, although in the present study we are considering the impact of a permanent change in pricing policy rather than a 3 year intervention. Disease Cost Data Table 3 shows the data sources for the annual costs of disease used in the model. Bowel cancer was chosen because it is one of the most common cancers related to obesity, and affects men and women. This cost estimate has also been used in other economic models around obesity and the impact on cancer [22] [23] [24] [25] .
Sensitivity Analyses
To account for uncertainty in the model parameters, we ran a Monte Carlo model simulation; in each, a random scenario was drawn from the data distributions for the parameters for England. The model was constructed in Microsoft Excel using VBA (Visual Basic for Applications). Each of the parameters was fitted to a normal distribution. 10,000 simulations were drawn from the data distributions for each parameter and the overall impact on average energy consumption was calculated for each simulation. This simulation generated 95% prediction intervals for these parameters. The parameters were assumed to be independent (i.e. not correlated). From this model a highest impact and lowest impact scenario were calculated by lining up the parameters together so that they affected the result in the same direction (a midway sensitivity analysis). The highest impact scenario assumed that the population SSB consumption was high, price elasticity of demand had a high negative value (i.e. consumers were sensitive to a change in price), and substitution of calories was negative. The lowest impact scenario assumed the converse. This England-level model then gave a set of kcal reduction factors that were applied to the population-specific data for each local authority. Table 4 shows the results from the Monte Carlo simulation for England. The overall impact for England is a reduction of between 1.1 and 13.1 kcalories per person per day ( Table 4) . The mean based on the simulation model was a reduction of 6.5kcal per person per day. The baseline obesity rates in the simulation model varied from 21.3% to 27.1% and the SSB consumption varied from 126ml to 473ml per day. The analysis suggested that a 20% SSB duty could result in approximately 2,400 fewer diabetes cases, 1,700 fewer stroke and coronary heart disease cases, 400 fewer cancer cases, and gain some 41,000 Quality Adjusted Life Years (QALYs) per year across England. Because we estimate that a duty would have a linear effect (within reasonable ranges), a higher duty of 30% would produce an effect of 1.5 times this, which would be around 3,600 fewer diabetes cases, 2,500 fewer stroke/CHD cases, 700 fewer cancer cases, and 61,000 QALYs gained.
Discussion

Main Findings
Our study suggested that a 20% duty on sugary drinks could substantially reduce the burden of diabetes, cardiovascular disease and common cancers. There could be additional cash savings of approximately £15million from the reduction in healthcare costs for treating obesity related diseases. This is only considering the direct healthcare costs and not the human and productivity costs which would be much greater. In addition, the report by Briggs et al. predicted that a 20% duty would generate £276m in revenue in the UK, and the Sustain report estimated that a 20p per litre duty on SSBs could raise £1billion per annum in the UK.
The national target for reduction in calories in 'Healthy Lives, Healthy People: a call to action on obesity in England (2011) [6] is for a 100 kcal reduction per person per day, so this reduction in SSB consumption would represent 1% to 13% of this reduction. Looking across England, the model suggests that the biggest change in calories might be for Newham (mid scenario 7.1 kcal per person per day) with the smallest expected change in West Somerset (5.9 kcals per person per day). This difference is driven by the age structure of the population. There is likely to be both an age effect, where younger people are more likely to be SSB consumers, and a cohort effect, that SSBs have become cheaper, are marketed more aggressively and have become more available over time, so that people born after 1980 are more likely to be SSB consumers throughout their lives than people born before 1980. This fits in with the insight work which found that older people saw consumption of SSBs as more of a treat whereas younger people often saw it as part of their daily routine. The duty might therefore generate the biggest benefits in urban areas with young populations and in areas with the greatest deprivation.
Comparison with other Relevant Studies
Our results are based mainly on combining results from two models; the obesity modelled estimates produced by Eastern Region Public Health Observatory and the National Centre for Social Research, and the change in obesity related outcomes from Wang et al., with data from Office for National Statistics. Our overall results are reassuringly similar to those found in other studies, such as those by Briggs et al. [16] , Tiffin et al. [26] , and Sharma et al. [27] Briggs et al. predicted a 4 kcal per day reduction in energy consumption which, based on their cross sectional model, might lead to a 1.5% decrease in obesity rates (only slightly less than our predicted 6.57 kcal reduction). Sharma et al. compared a 20% flat rate sales tax (as in the present study) with a 20 cent/litre volumetric tax and found that the volumetric tax produced a greater weight loss across the population of SSB consumers. 
Strengths and Weaknesses of This Study
This study is based on high quality data and modelling studies, and it also estimates the impact at a local authority level. Local public health leaders can thus consider the potential health gains from a sugary drinks duty in their own area and compare it to other interventions. SSB consumption is highest in young people who may still be 10-30 years away from developing obesity-related diseases. [28] This study has a number of limitations. Firstly, the model is dependent on the accuracy of other data and models. The parameter distributions used in the sensitivity analyses are rational but future research may throw up more robust empirical distributions. The current model did not factor in some potential predictive parameters like wastage; the WRAP report estimated soft drink wastage at around 7%. [29] Neither did we try to estimate the potential additional beneficial effect a tax might have on public perceptions; in France the 5% soft drinks tax has led to a drop in consumption of around 5%, which may be through a change in public attitudes rather than an economic effect on demand as a result of the price increase. This study also treated sugar calories as the same as any other calories; however, there is emerging evidence that calories from SSBs may have a greater effect than other calories in increasing risks of obesity, blood pressure, and coronary heart disease. [30] We also did not specifically address other important outcomes such as dental caries. [31] Any duty on SSBs would probably be regressive, having a greater effect on people on lower incomes. However this negative effect might be trivial, amounting to an annual household penalty of barely £20. [27] And the harms might be further ameliorated if the revenue was spent on services targeting the most deprived areas such as through subsidised fruit and vegetables, or active travel. The Briggs [16] and Sharma studies [27] included price elasticity of demand estimates by income groups which could potentially be incorporated into this model in future if we had corresponding data for local authorities (or used income deprivation index as a proxy).
There is a risk that a duty may have a smaller effect than anticipated because the SSB producers or vendors absorb some of the cost of the duty; this depends on the producer surplus (profit). Sharma et al. [27] suggested that an excise duty on the volume of SSBs or the amount of sugar may have a greater impact in this case, such as the 20p per litre duty recommended by Sustain. The consumer surplus (the excess that people are willing to pay) is already factored into the price elasticity. However, in our preparatory insight work, some young people said that the price of the sugary drinks that they bought varied by so much that they were used to paying whatever price was charged. [18] There is also the issue of how to address 'meal deals' and other promotions where SSBs are currently included as options in other purchases. People might also switch to bulk buying or cheaper products. However, an excise duty based on volume or amount of sugar would mitigate this effect. This would also impact on fruit juices which were not included in the NDNS categories used in this study. There has been a paradoxical effect observed over the last ten years where based on surveys, average calorie reduction has fallen while obesity prevalence has increased. Considering that an estimated 61% of adults are overweight or obese, the average numbers of calories per day seem lower than may be expected, given they are lower than the recommended number of calories per day for men of 2500 kcal and women of 2000 kcal to maintain a healthy weight. People in the survey may underestimate the number of calories they take in per day, for instance by underestimating calories from snacks or from alcoholic beverages. [32] These energy recommendations are based on moderate activity, whereas many people have a low level of activity. Underreporting is common in surveys like this and the NDNS has included doubly labelled water (DLW) measurements for a subset of participants to measure total energy expenditure and assess the extent of misreporting of energy intake. The DLW method involves participants drinking water labelled with deuterium and oxygen-18 which is then measured in urine samples to give an accurate indication of total energy expenditure (TEE). TEE is then compared with energy intake based on the food survey to illuminate where energy intake does not match energy expenditure. This NDNS study found that overall estimated energy intake was 27% higher than reported energy intake, or in other words, people were consuming about a quarter more calories than they reported on the food surveys.
Implications for Policy & Future Research
More empirical research is needed on the effects of price on SSB consumption, particularly in young people, the biggest consumers, and also around ethnic minorities and deprived groups. People of Asian origin have an increased risk of diabetes and CVD at a lower BMI than other ethnic groups (27.5 kg/m 2 instead of 30) so may be at higher risk of disease through SSB consumption. Energy drinks-many of which contain high amounts of caffeine and taurine-have been increasingly consumed over the last ten years. [33] Their effects have not been well researched. [34] Energy drink sales to young people are banned in Germany and Lithuania. We recommend that local interventions around SSB price and availability should be piloted and evaluated. It would be interesting to look at the behavioural effect of price points, so for instance an increase from 95p to 99p for a drink may produce a smaller change in behaviour than from 99p to £1.02.
Currently around 30% of soft drinks consumed in the UK are diet drinks. The insight work brought out people's worries and some of the myths surrounding artificial sweeteners. [18] There are perceptions that artificial sweeteners, in particular aspartame, are bad for health and can cause cancer, which are mainly fuelled by discredited research. [35] In December 2013 the European Food Safety Authority clearly stated that aspartame was regarded as safe for all populations, including children and pregnant women, the only exception being individuals with phenylketonuria. [36] Might drinks with artificial sweeteners therefore represent the lesser of two evils?
In the future, data from the NDNS and from the Health Survey for England could perhaps be used to monitor SSB consumption and measure the impact of any fiscal measures to reduce SSB consumption.
Conclusions
This study adds to the growing body of evidence quantifying the potential health benefits of a SSB duty and highlighting where the impact might be greatest. It might also be used to generate area level results to inform local discussions around price interventions.
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